Provenance is essential in scientific experiments. It contains information that is key to preserving the data and to determine it's quality and authorship. In complex experiments and analyses, where multiple tools are used to derive data products, provenance captured by these tools must be combined in order to determine the complete lineage of the derived products. We propose a mediator-based architecture to integrate provenance information from multiple sources, which contains two key components: a global mediated schema that is general and capable of representing provenance information represented in different models; and an expressive query interface that supports complex queries over provenance information spread over multiple different sources. We also present a case study where we show how this model was applied to integrate provenance from three provenance-enabled systems.
Introduction
One of the greatest research challenges of the 21st century is to effectively understand and leverage the growing wealth of scientific data. To analyze these data, complex computational processes need to be assembled, often requiring the combination of loosely-coupled resources, specialized libraries, and distributed computing infrastructure.
Workflow and workflow-based systems have recently grown in popularity within the scientific community as a means to assemble these complex processes [1] . Not only do they support the automation of repetitive tasks, but they can also systematically capture provenance information for the derived data products. The provenance (also referred to as the audit trail, lineage, and pedigree) of a data product contains information about the process and data used to derive the product [4, 7] . It provides important documentation that is key to preserving the data, to determining the data's quality and authorship, and to reproduce as well as validate the results. These are all important requirements of the scientific process. catch information superimposed with a model of the currents in the mouth of the Columbia River. The simulation was run on a cluster of computers using a grid-enabled workflow system. A workflow-based visualization system was then used to display the simulation together with the salmon catch data.
Many scientific workflow systems support provenance capture. But each adopts its own data, storage and query models [2, 4, 5] , making integration difficult. Consequently, determining the complete lineage of a data product derived by multiple such systems requires that information from these different systems and/or their query interfaces be integrated. Consider the scenario in Figure 1 . In order to determine the provenance of the visualization (shown in the bottom), it is necessary to combine the provenance information captured both by the workflow system used to derive the simulation results and by the workflow-based visualization system to derive the image. Without integrating this information, it is not possible to answer important questions about the resulting image, such as for example, the specific parameter values used in the simulation.
Provenance interoperability is a topic that has recently started to receive attention in the scientific workflow community. In the Second Provenance Challenge (SPC), several groups collaborated in an exercise to explore interop-erability issues among provenance models [6] . Part of the work presented in this poster was developed in the context of the SPC. We propose the use of an information mediator to query provenance from disparate sources. As part of the mediator, we provide a query engine and application programming interface (API) that support transparent access to multiple provenance sources. We evaluate the effectiveness of this approach by applying it to integrate provenance information from three systems. In what follows, we give a brief overview of the system we developed, for more details, the reader is referred to [3] .
A Mediation Approach for Integrating Provenance
The architecture of our provenance integration system uses mediation to combine information from multiple provenance sources. Information mediators have been proposed as a means to integrate information from disparate sources. A mediator selects, restructures, and merges information from multiple sources and exports a global, integrated view of information in these sources. In essence, it abstracts and transforms the retrieved data into a common representation and semantics.
The global schema is a central component of our mediator. It provides a general provenance model, the Scientific Workflow Provenance Data Model (SWPDM), which captures entities and relationships relevant to both prospective and retrospective provenance, i.e., the definition and the log of workflow execution [2] . As a result, besides queries over provenance, our model also supports direct queries over workflow specifications.
The query rewriting mechanism, which translates queries over the global schema into queries over the information sources, is based on a set of API calls that support operations over the global model. This API was designed to support common provenance queries, such as for example: find all the steps used to derive a data product, or find all the data sets that contribute to the derivation of a data product. To integrate a provenance store, one needs to create wrappers that implement the API functions for that store. For a detailed description of the API, see [3] .
An alternative to the virtual mediator model used in our system would be to convert and materialize all data to the unified schema. There are however, disadvantages to this approach. Notably, provenance information can be large and distributed over different locations. Thus, it would be difficult to keep the provenance updated. In contrast, the mediator approach allows for the data to be queried from its original location, whatever the data model. Furthermore, by using the proposed API, we can leverage the underlying query capabilities of the individual systems. Case Study: Integrating Provenance from Three Systems.
We implemented the mediator architecture as well as bindings for the query API for three distinct provenance models: VisTrails (http:/www.vistrails.org), PASOA (http://www.pasoa.org) and Taverna (http://taverna.sourceforge.net). Wrappers has been implemented for XML using XPath and RDF using SPARQL. The complete API, and the bindings to Taverna, PASOA and VisTrails, are available for download. 1 In order to assess the effectiveness of our approach, we used the workflow and query workload defined for the Provenance Challenge [6] . Our implementation successfully answered the query workload over the different models. Our results show that the mediator model can be successfully applied to data provenance. But more work is needed to optimize common provenance queries. Furthermore, many of the storage systems do not provide support for recursive queries that are common for provenance data.
Conclusions and Future work
We have addressed the problem of provenance interoperability as data integration and proposed a mediatorbased architecture for integrating provenance from multiple sources. We validated our approach by integrating three distinct provenance stores. Although our preliminary results are promising, there are a number of avenues for future work. Notably, we would like to evaluate the efficiency and scalability of different approaches to provenance interoperability. One challenge we currently face is the lack of a suitable benchmark for the evaluation.
